A steady state of a binary mixture of hard-sphere gases in the near continuum regime, where the Knudsen number is small, is considered in the case where the density and temperature variations are large, but the Mach number of the flow is as small as the Knudsen number. Thus, the flow vanishes in the continuum limit where the Knudsen number goes to zero. The set of fluid-dynamic-type equations in this case was derived by Takata and Aoki [Transp. Theor. Stat. Phys. 30, 205 (2001)] by means of a systematic asymptotic analysis of the Boltzmann equation. This set gives the correct behavior of the mixture in the continuum limit, i.e., it describes the ghost effect discovered by Sone et al. for a single-component gas [Phys. Fluids 8, 628 (1996)]. The set contains various transport coefficients that depend on the local properties of the gas. In particular, their dependence on the local concentration of one of the components cannot be obtained explicitly. In this paper, this unknown dependence is established numerically by a direct numerical analysis of the basic integral equations, and a database that provides the numerical values of the transport coefficients immediately for an arbitrarily specified local state of the mixture is constructed. The database makes the fluid-dynamic-type equations applicable to practical problems.
INTRODUCTION
According to the classical fluid dynamics, the steady temperature field in a gas at rest with a uniform pressure (e.g., the gas in a closed container with an arbitrary wall-temperature distribution in the absence of an external force) is described by the steady heat-conduction equation. The classical fluid dynamics is generally considered to be valid in the continuum limit where the Knudsen number, defined by the ratio of the mean free path of the gas molecules to the characteristic length of the system, approaches zero. Contrary to this common belief, the heat-conduction equation fails to give the correct temperature field in the gas at rest even in the continuum limit. This is due to the fact that the flows with Mach number being as small as the Knudsen number, i.e., the flows that disappear in the continuum limit, still give a finite effect on the temperature field in this limit. On the basis of a systematic asymptotic analysis of the Boltzmann system, Sone et al. [1] discovered this striking fact and derived the fluid-dynamic-type system (fluid-dynamic-type equations and their boundary conditions) that gives the correct temperature field in the continuum limit. Such an effect of vanishing flows in the continuum limit was termed ghost effect [2] [3] [4] . Subsequently, the fluid-dynamic-type system was extended to the case of a multi-component gas mixture [5] [6] [7] , and the cause of the ghost effect in the mixture was clarified.
The above-mentioned fluid-dynamic-type system contains the velocity field of the first order in the Knudsen number. The ghost effect was found by considering the continuum limit on the basis of this system. If the limit is not considered, the original fluid-dynamic-type system describes the steady behavior of the gas (or a mixture of gases) at small Knudsen numbers in the situation that the variations in the temperature and density are large, but the Mach number of the flow is as small as the Knudsen number. Since such a situation is quite usual in many applications, the system is also of practical importance.
The fluid-dynamic-type equations for the mixture derived in [7] contain various terms originating from the so-called non Navier-Stokes terms in the stress tensor (the terms corresponding to the thermal stress and concentration stress). In consequence, there appear various coefficients in addition to the usual transport coefficients, i.e., the coefficients of viscosity, thermal conductivity, mutual diffusion, and thermal diffusion. We will call all these coefficients the transport coefficients for short. The transport coefficients generally depend on the local concentration of each component as well as the local density and temperature of the total mixture. In particular, the functional form of their dependence on the local concentrations cannot be obtained analytically even for simple molecular models such as hard-sphere molecules. Even without the explicit functional form, one can obtain important information on the fundamental properties of the mixture [7] . However, in order to apply the fluid-dynamic-type equations to practical problems, one needs the explicit functional form.
In the present study, we are concerned with a binary mixture of hard-sphere gases, for which the dependence of the transport coefficients on the density and temperature of the total mixture is explicit. We are going to establish their dependence on the local concentration of one of the components numerically and construct a database that provides the numerical values of the transport coefficients immediately for an arbitrarily specified local state of the mixture.
BASIC EQUATIONS
We first describe the physical situation that we are going to consider and summarize the the governing fluid-dynamic-type system. Then, we give the complete definitions of the transport coefficients occurring in the system.
Fluid-dynamic-type equations
Let us consider a binary mixture of hard-sphere gases (say, A-component and B-component) in contact with the boundary at rest (when an infinite domain is considered, the mixture is supposed to be at rest with a uniform pressure at infinity). The boundary may be the ordinary solid body or the condensed phase of one of the component gases. In the latter case, evaporation or condensation of the component (vapor) may take place on the boundary.
We first summarize the main notation. The reference quantities are as follows: L 0 is the reference length of the system, m 0 the reference molecular mass, d 0 the reference molecular diameter, T 0 the reference temperature, n 0 the reference molecular number density, ρ 0 the reference mass density (ρ 0 = m 0 n 0 ), p 0 the reference pressure α are the molecular number density, pressure, flow velocity, molecular mass, and molecular diameter of the α-component (α = A, B), respectively; n, ρ, p, v i and T are the molecular number density, mass density, pressure, flow velocity, and temperature of the total mixture, respectively. Then, we introduce the following dimensionless quantities:
We consider a steady state in the following situation:
• The Knudsen number (Kn) is small.
• This situation is commonly encountered because it is realized whenever the variation of the boundary temperature is large for both types of boundary (see [7] for the details). It should be noted that in this situation the flow vanishes in the continuum limit (Kn → 0).
According to [7] , the physical quantities are expanded in power series of a small parameter = ( √ π/2)Kn:
Note that the expansion for the velocitiesv α i andv i starts from the first order. Then, the first terms of the expansion (2) (the first three terms forp) are governed by the following fluid-dynamic-type equations.
Here, X α is the local concentration of the α-component in the zeroth order ( 5 (transport coefficients for short), which depend onm α andd α , are the functions of the local concentration X A . Theμ,λ, andD AB correspond to the viscosity µ, thermal conductivity λ, and mutual-diffusion coefficient D AB ; more specifically, they are related as
The k T is the thermal-diffusion ratio, i.e., the ratio of the thermal-diffusion coefficient to the mutual-diffusion coefficient. The definitions of these transport coefficients are given in the next subsection. The boundary condition for Eqs. (4)- (8) , which is given in [7] , is omitted here because of the limited space.
Thep (0) andp (1) are constants to be determined from the condition proper to each problem. Equations (4)- (7), with the help of Eq. (8), form a closed set of equations forn (2) , which can finally be reduced to a set of partial differential equations forn
, and p (2) . The partial pressurep (4)- (7), irrespective of . This means that the densities and temperature in the continuum limit ( → 0) are affected by the velocity field in spite of the fact that the flow itself vanishes in the same limit. This statement is always true whenv i (1) does not vanish identically. In fact, it was shown that the flow corresponding tov i (1) , that is, the flow of O( ), is caused generally by various effects, such as the thermal creep and the diffusion creep [7] . Such an effect of the vanishing flow in the continuum limit is called the ghost effect. It was first pointed out in [1] and discussed in [2] [3] [4] for a single-component gas. By the way, equations similar to Eqs. (4)- (7) had been derived in a more intuitive way by Galkin et al. [8] , but the ghost effect was not noticed then.
Transport coefficients
Let us denote by A α (ζ), B α (ζ), and D (β)α (ζ) the solutions of the following Eqs. (9), (10) , and (11), respectively, where the independent variable ζ is the magnitude of a vector (ζ 1 , ζ 2 , ζ 3 ), i.e., ζ = (ζ
subsidiary condition:
where
In Eq. (13) 
Then we define the functions
,m α , andd α , by the following integrals.
The transport coefficients are defined with the aid of the functions introduced above. Theμ,D AB , k T , and λ are defined as follows:
wherê
andD T corresponds to the thermal-diffusion coefficient
It should be noted that the partial derivatives of B α with respect to the concentration X A or X B appear in Eq. (24). Their meaning is as follows. Since Eq. (10) is also valid for X A and X B that are independent each other, the solution B α can be regarded as functions of two independent variables X A and X B . We first take partial derivatives of such B α and then introduce the restriction X A + X B = 1.
NUMERICAL ANALYSIS AND RESULTS
We first note that the equations corresponding to Eqs. (9)- (11), (21), and (22) also appear in the NavierStokes level in the framework of the Chapman-Enskog expansion [9] . In the literature [9] [10] [11] , the solutions of Eqs. (9)- (11) are expanded in the Sonine polynomials, and the first four terms at most (only a single term in [9] ) are used to approximate the solutions. Then, the approximate coefficientsμ,λ,D AB , and k T , are obtained from Eqs. (21) and (22). We may use the same approximations in Eqs. (17)- (19) 
, etc., which give the corresponding approximations ofΥ 1 , ...,Υ 5 from Eqs. (23) and (24). In this method, however, the process of analysis, as well as the resulting formulas for the transport coefficients, becomes increasingly complicated with the increase of the number of terms used for the approximation, even though only a few terms are used.
In the present study, in contrast to the classical method mentioned above, we take a more direct approach, that is, we solve Eqs. (9)- (11) numerically to obtain accurate values of A α , B α , and D (β)α . Our goal is to establish the functional forms of the transport coefficients with respect to the concentration X A numerically. A method that is suitable for this purpose is to expand these functions as power series of σ = X A − 1/2 (−1/2 ≤ σ ≤ 1/2), i.e.,
G(ζ; X
which are expected to converge for all σ in −1/2 ≤ σ ≤ 1/2. If we substitute the expansion (25) into Eqs. (9)- (11), we obtain a sequence of integral equations for G n , which is solved numerically from the lowest order. Then, using Eq. (25) with the obtained G n in Eqs. (21) and (22) (25) and obtained the coefficients of the corresponding expansions for all the transport coefficients. Once the coefficients of these expansions are stored, one can readily obtain accurate values of the transport coefficients for an arbitrarily given X A , just by summing up the series, without using interpolation. We have built such a database, which makes it possible to apply the fluid-dynamic-type equations (4)- (8) to practical problems. The expansion (25) was inspired by the modified Knudsen number expansion in [12] .
The advantages of the present approach can be summarized as follows: (i) the method is conceptually simple and straightforward, so that it is suitable for numerical computation; (ii) since the convergence within a specified accuracy of the power series can easily be checked numerically, high accuracy has been accomplished in the result; (iii) thanks to the power-series expansion, the derivatives (of any order) of the transport coefficients with respect to the concentration X A are readily obtained from the same database. The (iii) is important in the following aspect. In the fluid-dynamic-type equations (4)- (7), the transport coefficients undergo differentiation with respect to the space coordinates x i , which lead to their derivatives with respect to X A . When the equations are solved numerically, we do not need to use finite-difference approximations for these derivatives because of (iii), so that the equations become more flexible for application of various numerical schemes.
Although the present method is conceptually simple, it contains some technical difficulties in the numerical computation. For example, (a) in order to obtain G n in Eq. (25), we need to solve many (71 to 101) linear integral equations, corresponding to each of Eqs. (9)- (11) , etc. in Eqs. (17)- (20), we need to compute the complicated nonlinear collision integrals J βα of the G n 's, which originally contain five-fold integrals. These difficulties have been overcome by various analytical and numerical devices. The computation of L βα and J βα have been performed by means of the method similar to those proposed in [13] for the linearized collision integral for a single-component gas. According to the method, each collision term is essentially expressed in the form of the product of a matrix composed of the values of the integrals L βα or J βα of given sets of functions (the sets of basis functions in terms of which G n are expanded) at the grid points in ζ and a vector composed of the values of G n at the grid points. We call the former matrix numerical kernel for short. Because of the inherent complexity of the collision integrals, the computation required for the numerical kernels is relatively heavy. However, the kernels can be prepared prior to the solution process. Once they have been constructed, the process of solving Eqs. , we are able to construct the database with reasonable computer time. In this way, the difficulties in the numerical analysis are compressed in the numerical kernels. On the other hand, there appear only three types of numerical kernel: the first one is associated with Eqs. (9) and (11), the second one with Eq. (10), and the last one with Eqs. (17)-(19). Furthermore, concerning the molecular parameters, these kernels depend only onm α , independent of d α . These advantages, which reduce the load of computation significantly, have been taken into account in the construction of the numerical kernels. It should also be mentioned that the fact that the kernels can be prepared separately enables us to concentrate on the careful and accurate construction of the kernels.
In the present study, the database has been constructed for the diameter ratio 
